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ABSTRACT
The nonhydrated PZT alkoxide was made as per Zhuang
and the hydrated PZT alkoxide as per Zhuang and Leach.
The nonlinear pyrolysis of the nonhydrated PZT
alkoxide yielded 2-methoxyethanol, l-methoxy-2-propanol,
and 1, 2-dimethoxyethane .
The nonlinear pyrolysis of the hydrated PZT alkoxide
yielded 2-methoxyethanol, 2-propanol and 2-propanone.
The TGA study of the nonhydrated and hydrated PZT
alkoxide showed that the optimal heating rate was 5^C per
minute .
CHAPTER 1 INTRODUCTION
1 1 BACKGROUND
PZT is an acronym for lead zirconate titanate. PZT
is a member of the perovskite crystal family and is a
continuum of materials, having the formula PbZrxTii-xC3
where x varies between 0 and l.1
Ever since sol-gel was used to prepare PZT ceramics
in the late 1980 's, there has been an avid interest in
their potential applications in both the governmental and
private sector. This interest is because PZT ceramics can
be used to build permanent memory devices, which retain
data if the electrical power is interrupted. In addition,
the PZT compounds have also been found highly resistant
to radiation. Therefore, they have a strong potential for
use in military applications.
1.2 HISTORY
PZT ceramics can be used as permanent memory devices
because they can record information using a phenomenon
called the "Ferroelectric Effect." This phenomenon was
discovered in 1921, and describes the tendency of certain
crystalline materials to spontaneously polarize under the
influence of an externally applied electric field and to
remain polarized after the field was removed.2Decades
ago this phenomenon would have been passed off as an
interesting chemical/materials science quirk, with no
potential applications. However, with the advent of the
information and electronics boom, the phenomenon has
enjoyed more than a passing curiosity. The term
"Ferroelectric Effect" was coined because it was believed
that the ferromagnetic properties of some iron bearing
compounds were involved, but later it was discovered that
iron had nothing to do with it. PZT ceramics are
structurally similar to high temperature superconducting
perovskite ceramics so the phenomenon of
superconductivity and f erroelectricity may somehow be
related .
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1.3 APPLICATIONS AND
PHYSICAL PROPERTIES OF PZT
PZT ceramics offer the following characteristics all
of which make them highly lucrative in the world of
microelectronics: high resistivity. a tight crystal
lattice which makes it an insulator, thermal and chemical
stability which makes it almost chemically unreactive.
hardness typical of ceramics, high resistance to
radiation, and a high dielectric constant allowing higher
integration densities than DRAMS, since less area is
required for storage and ferroelectric elements, which
can be built directly over and merged into active
devices A
The reason why PZT is able to act as a
permanent memory device is that the zirconium atom can be
polarized in the presence of an electric field. In
essence, either the atom can move up along an arbitrary
z-axis, or it can move down along an arbitrary z-axis .
See Figure 1. This means that if the PZT ceramic is
mounted on top of a computer chip then it can sense the
electrical field beneath it inside the computer chip,
Since computer chips operate in binary states, the
zirconium atom is constantly moving up and down in
harmony with the electric field beneath it. However, when
the electric field is terminated, the zirconium atoms
stop moving up and down. They remain in the last position
they were in prior to the electric field being
terminated. Since the memory storage capability of the
chip is directly related to the electric field, the
memory of the chip has been permanently recorded.
A (0 Lead
O O OxyQen
B O Titanium, Zirconium
FIGURE 1 . THE BISTABLE PEROVSKITE CRYSTAL STRUCTURE
The data stored can be read by sensing the interaction of
an applied field with the element's polarization. By
using the bistable remnant polarization states of
ferroelectric materials, a nonvolatile digital memory
storage element has been created.1
The advantage of the PZT ceramic is that no external
electric field or current is required to keep the
ferroelectric material polarized in either state.1
Therefore, a nonvolatile ferroelectric digital memory
capacitor can be built .
Thin films of certain perovskite ceramic ferroelectrics
can be made using the following techniques: sputtering,
liquid spinning (including sol-gel), MOCVD, furnace and
rapid thermal
annealing.1 Sol-gel processing offers the
following advantages in PZT ceramics: greater purity and
compositional control with liquid mix, molecular
homogeneity, lower processing temperatures, unique
forming opportunities, synthesis of fine active powders,
bulk monolithic structures, discrete fibers, heterophasic
composites and thin coatings on
films.2 In fact, sol-gel
chemistry is of most interest to the university sector
because sol-gel or organometallic liquid solutions can be
prepared in beakers, spun onto substrates using
procedures similar to photoresist spinning, and then
crystallized in conventional furnace tubes in an air
atmosphere, making synthesis feasible at the university
level.1
A problem reported in the literature is that the
gels cracked during
baking.4 This could be caused by the
tetragonal (pyrochlore) to cubic (perovskite) phase
transformation of PbTi03 at 490C which has been studied
using DTA
techniques.3 The different thermal expansion
coefficient values for PZT films and substrates may also
contribute. It may also be caused by the improper removal
of water and organ!cs, or it may be caused by the
exothermic oxidation of organic matterA One way that the
cracking was eliminated was through the use of a
different film forming procedure that allowed the
volatiles generated in the substrate to be released to
the atmosphere before the volatiles generated could
disrupt the homogeneity of the substrate material. Thin
coatings of dilute solutions produced crack free layers
with good adhesion to silicon and fused silica substrate
materials.6However, application of many thin layers
would be time consuming and inefficient in a
manufacturing environment,
1.4 SYNTHETIC ROUTES USED IN MAKING PZT CERAMICS
14.1 DIFFERENT STARTING MATERIALS USED
PZT ceramics are made from the combination of metal
alkoxides in varying ratios where the metals involved are
lead, zirconium and titanium. The precursor choice is
based on reactivity, solubility, viscosity, organic
content, decomposition temperature, byproducts, cost, and
availability.6The experimental procedure for the
synthesis of PZT depends on many factors, some of which
are: reflux conditions, solvent: alkoxide ratio,
alkoxide: water ratio, solvent species, metal ion
distribution in the hydrolysis products, solubility of
various polymeric species and
pH.6
Zirconium( IV) isopropoxide , titanium(IV)
isopropoxide and lead (II) acetate trihydrate have been
used successfully by Budd, et
al3 to form PZT. They also
used the n-propoxides to make PZT. In both cases, they
reported the perovskite structure of the PZT, and in
general crack free layers using dilute solutions of the
PZT alkoxide.6 Zirconium( IV) isopropoxide, titanium(IV)
isopropoxide and lead (II) acetate trihydrate have been
used successfully by Huang to form
PZT.5 Tuttle, et al ,
describe the use of zirconium( IV) tetrabutoxide ,
titanium(IV) tetraisopropoxide and lead 2-ethylhexanoate
to form PZT. They report that the films with a greater
perovskite content had enhanced ferroelectric
properties.* Zhou, et al, describes the use of
zirconium( IV) ethoxide, titanium(IV) butoxide and lead
acetate trihydrate to form PZT, They report that the
films prepared had good ferroelectric properties.5
Hirashima et al describes the use of zirconium( IV) tetra-
n-butoxide, titanium(IV) tetra-isopropoxide and lead
isopropoxide to form PZT.6 Potdar et al , describes the
use of sodium zirconyl oxalate, potassium titanyl oxalate
and lead nitrate to form zirconyl titanyl oxalate.
Pyrolysis of the zirconyl titanyl oxalate gives PZT.7
Kimura et al, describe the synthesis of PZT by reacting
Ti02 and Zr02 in the presence of molten chloride or
sulfate to give either a single phase TiZr04 or a three
phase mixture (TiZr04, Zr02 , and amorphous Ti02). The PZT
was formed by reacting TiZr04 powder with PbO above
750C.8 Takahashi et al, describe the synthesis of PZT by
dip coating solutions of titanium tetraisopropoxide ,
zirconium n-butoxide, diethanolamine , lead(II) acetate
trihydrate and isopropanol Zhuang et al , describe the
synthesis of PZT by reacting zirconium( IV) isopropoxide,
titanium(IV) isopropoxide and lead(II) acetate trihydrate
using the sol-gel
process.10
14 2 STUDIES REFERRING TO THE RATIOS OF ZR:TI
Another area that has been studied extensively is
the ratio between zirconium, titanium, and lead. Various
ratios have been used with success in some instances and
failure in others depending on what properties were
desired of the PZT ceramic. Using zirconium( IV) n-
butoxide, titanium(IV) isopropoxide and lead (II)
isopropoxide the optimum ferroelectric property of PZT
was determined to be near the morphotrophic boundary of
the system PbZr03-PbTi03 where the Zr:Ti ratio is
approximately equal to
48:52.n See the phase diagram in
Figure 2 ,
Okada, using zirconium oxide, titanium oxide and
lead oxide reported using ratio of zirconium to titanium
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FIGURE 2 . THE PZT PHASE DIAGRAM .
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of 52.5:47.5, 60 : 40 ( rhombohedral ) , 47 : 53 ( tetragonal ) ,
50:50, and 47:53 ratio all having some of the desired
ferroelectric properties.4The reason that the ratio of
the zirconium to the titanium is so important is that the
difference in the ferroelectric properties is believed to
be caused by the differences in the compositional ratio
of Zr:Ti in the film.4 In addition, the properties of
thin films are strongly dependent on the film
composition.4In PZT, the tetragonal phase was reported
at a Zr:Ti composition of 47:53, and the rhombohedral
phase was reported at a Zr:Ti composition of
60:40.4
Compositional control of PZT films can be attained
by the control of the mole ratio of the starting
materials, at least in the midregion of the solid
solution of lead zirconate and lead titanate.4 The
structure of the film obtained whether it is perovskite
or pyrochlore should easily be ascertained because
perovskite structure films are optically translucent, but
pyrochlore structure films are light yellow in color.4
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14.3 HYDROLYSIS OF GEL
PZT gel is made by the partial hydrolysis of mixed
solutions of zirconium and titanium alkoxides, which are
then polymerized, followed by further hydrolysis, and
polycondensation A It has been ascertained that an
inorganic network of PZT is not formed completely because
equilibrium is reached preventing this from
happening.6
Acidic gels seemed more capable of polymeric
rearrangement during drying, yielding denser amorphous
structures with micro-crystalline
regions.6
1.4 4 BAKING TO FORM PZT OXIDE
The pyrolysis of PZT ceramics has been studied by
many
researchers.6In one instance where the PZT was made
from zirconium pentanedionate , lead ethylhexanoate, and
titanium butoxide, the PZT ceramic was formed at 500C.14
The study showed that the PZT ceramic exhibited only one
major exotherm, which was broader than most others, and
which occurred at approximately 400C. It is believed
that this effect is more of an averaging effect rather
than one of superposition, possibly indicating a
13
collective effect of chemical environments on bond
strengths. When pyrolyzed in a reducing atmosphere, the
PZT ceramic displayed small exotherm peaks in its DTA
with corresponding weight loss, and major exotherm peaks
in an oxidizing atmosphere. See Figure 3. These
observations confirmed that the exotherms arose from the
oxidation of organic species. The authors state that the
PZT ceramic should be heated with great care in the above
regions. However, it was found that exotherm peak
positions and size were affected by composition,
precursor choice and hydrolysis water content.11
In an attempt to better understand the chemistry of
the synthesis and formation of PZT ceramics, the
crystallization kinetics of the amorphous PZT oxide films
have been studied by using x-ray diffraction analysis and
the results are summarized in Figure 4 . 12 From this study,
four major points were ascertained.
First, it was found that two phases existed
initially at a temperature between 450-500C, the
perovskite and the pyrochlore phase. However, after a
certain amount of induction time the solution went
primarily to the perovskite phase. The time required for
14
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FIGURE 3 . DTA OF PZT ALKOXIDE .
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FIGURE 4 . TEMPERATURE DEPENDENT X-RAY DIFFRACTION STUDY
OF PZT.17
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complete transformation of the pyrochlore phase to
perovskite was strongly temperature dependent but the
time in which the two phases co-existed decreased as the
temperature increased. The pyrochlore crystal lattice had
an average diameter of 40-60 Angstroms between 400-600C,
and the perovskite crystal lattice had an average
diameter of 200-300 Angstroms between 450-550C.
Second, the study revealed that the crystal size of
the pyrochlore and perovskite remained constant
throughout the process, indicating that nucleation
dominated the entire crystallization process. The fact
that the crystal sizes were constant indicated that
nucleation rather than grain growth was the major process
in both the crystallization of the pyrochlore from the
amorphous phase and the transformation of the pyrochlore
to the perovskite phase.
Third, the study revealed that formation of
pyrochlore and perovskite crystal lattices occurred in
successive reactions. Their evidence included the fact
that nucleation dominated the phase transformation and
the fact that the amount of each phase underwent
variation as a function of time and temperature. In other
17
words, two different kinetic processes occur during the
crystallization from the amorphous gel to the perovskite
phase .
Fourth, the first order reaction kinetics implied
that the reaction was homogeneous (the probability of
crystallization of the pyrochlore phase from the
amorphous phase was the same throughout the amorphous
phase) and that the grain growth rate was small. It was
also reported that bulk gels of PZT were essentially
amorphous on the microscale until crystallization
occurred and that crystallization of the PZT ceramic was
inhibited in thin film form.6
The benefit of this study is that the knowledge of
how the crystallization takes place has led to the
ability to control the microstructure and properties of
glass ceramics allowing more fine tuning in the
properties of the PZT ceramics.
There are several challenges to be overcome in this
project. The first is the development of meticulous low-
temperature and inert atmosphere synthetic techniques.
The second is the development of an apparatus that will
efficiently collect the individual micro-volume fractions
18
of volatiles collected from the pyrolysis of the hydrated
and nonhydrated PZT alkoxides in an inert atmosphere, in
order that they may be analyzed using GC-MS and 1H NMR
spectroscopy. The third is the development of a program
to be used on the thermogravimetric analyzer that will
allow the elucidation of those temperature ranges where
rapid weight loss may occur in the pyrolysis of the
hydrated and nonhydrated PZT alkoxide. The fourth will be
the characterization of the volatiles released during the
linear and nonlinear pyrolysis of the hydrated and
nonhydrated PZT alkoxide using GC-MS and ^-H NMR
spectroscopy, and the validation of the ^H NMR findings
using computer generated ^-H NMR, reference spectra and ^-H
NMR of authentic samples.
The research project can be broken down into six
separate parts:
1. Synthesize the hydrated PZT alkoxide following a
synthesis developed by
Zhuang13
and nonhydrated PZT
alkoxide using the modified procedure described by
Leach.16
2. Design the apparatus needed to successfully pyrolyze
the PZT alkoxide in an inert atmosphere and to collect
19
the volatiles generated, in order that they may be
analyzed using GC-MS and 1H NMR spectroscopy.
3. Test the apparatus using known solutions, for example
pure ethanol and ether, to ensure that the apparatus is
successfully capturing any volatiles that are given off.
4 . Analyze the hydrated and nonhydrated PZT alkoxide
using thermogravimetric analysis to elucidate any
temperature ranges where rapid weight loss occurs.
5 . Heat the hydrated and nonhydrated PZT alkoxide from
room temperature up to a temperature of 600C using a
linear heating rate and capture all volatiles evolved in
a cold trap. Heat the hydrated and nonhydrated PZT
alkoxide from room temperature up to a temperature of
600C and at those temperatures indicated by TGA analysis
that lead to weight loss, capture volatiles separately in
cold traps.
6. Then see if the volatiles collected from the
subsequent pyrolysis of the hydrated and nonhydrated PZT
alkoxide are significantly different. Characterize the
volatiles released during the linear and nonl inear
pyrolysis of the hydrated and nonhydrated PZT alkoxide
20
using GC-MS and J-H NMR spectroscopy. Validate the *H NMR
findings with computer generated ^-H NMR, reference
spectra and ^H NMR of authentic samples.
21
CHAPTER 2 EXPERIMENTAL
2.1 CHEMICALS, INSTRUMENTS AND EQUIPMENT
The argon gas used was purchased from Air Products
Inc. as 99% pure. The copper and calcium sulfate used in
the gas purification traps were purchased from the
Aldrich Company. The ethanol and diethyl ether were
purchased from the Aldrich Company. The zirconium( IV)
isopropoxide, titanium(IV) isopropoxide, lead(II) acetate
trihydrate, 2-methoxyethanol, deuterated acetone and
deuterated chloroform were purchased from the Aldrich
Company The thermogravimetric analyzer used was a Seiko
I SSC 5 200 TGA/DTA. The Gas Chroma tograph/Mass
Spectrometer used was a Hewlett Packard 7946 Gas
Chromatograph/Mass Spectrometer. The ^-H NMR spectrometer
was a Bruker 200 MHz ^H NMR spectrometer. Solvent lock
and/or TMS was used for calibration, Computer generated
!h NMR spectra were generated using software called
Beaker obtained from Broke and Cole Publishing. The cold
traps and heating tape were purchased from VWR
Scientific. The tube furnace used was a Lindberg Hevi-
22
duty model SB. The flow meter used was a Gilmont model
1132 purchased from VWR Scientific. The components of the
apparatus were joined together using tygon tubing. The
commercial leak detector used was Snoop, purchased from
VWR Scientific.
2 2 APPARATUS DESIGN AND LEAK TEST
The apparatus was assembled using the above
components and the design shown in Figure 5 as a
template. After assembly the apparatus was tested for
leaks, using a commercial leak detector called Snoop,
which shows any leaks in the system by the formation of
gas bubbles in an applied water-soap solution.
2 3 DETERMINATION OF VOLATILE CAPTURE RATE
4.0 mL of ethanol was placed in a prefabricated
glass boat and heated to a predetermined temperature
where it underwent an isothermal hold. The experiment was
repeated for temperatures of 30, 40 and 50C
respectively. The associated isothermal hold times used
were 0, 60 and 120 minutes, respectively. The test was
repeated using 4.0 mL of diethyl ether.
23
Ar in Hat Cu trap Dehydrator Caldtrnp*. Prigwarmer -
3 flowvalves Tu&e FurnacE Cold Trap *2 Cold Trap *3
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FIGURE 5. Final apparatus design used
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2 4 ZHUANG SYNTHESIS-?ITH WATER OF HYDRATION13
An 8 mol% solution of lead acetate (0.136 mol , 51.6
g) was made using 2-methoxyethanol (1.56 mol, 123.5 mL )
in a dry inert atmosphere ( Warning: lead acetate is
hygroscopic and toxic) . The solution was successively
distilled three times at 125C, the boiling point of the
solvent, in order to remove any water of hydration. Next,
the solution was cooled to 75C. Titanium(IV)
isopropoxide (0.0653 mol, 19.4 ml) was added to the
solution to give a 1:8 ratio between the titanium(IV)
isopropoxide and 2-methoxyethanol. Zirconium( IV)
isopropoxide was added to give a 48:52 ratio between the
zirconium( IV) isopropoxide and the titanium(IV)
isopropoxide respectively. The excess 2-methoxyethanol
was removed by distillation until the solution turned a
caramel color. Next, the solution was cooled to room
temperature and water was added very slowly, until a
viscous jelly like substance formed.
2 5 MODIFIED ZHUANG AND LEACH SYNTHESIS - WITHOUT
WATER OF HYDRATION13
An 8 mol% solution of lead acetate was made using 2-
methoxyethanol as solvent in a dry inert atmosphere.
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distilled as above and the metal isopropoxides added as
above. The solution was concentrated at reflux until a
caramel color appeared. The solution was cooled down to
room temperature where a viscous solution formed.
2.6 THERMOGRAVIMETRIC ANALYSIS (TGA) OF THE
HYDRATED AND NONHYDRATED PZT ALKOXIDE
An aluminum TGA pan was filled with nonhydrated PZT
alkoxide. The pan was inserted into the TGA instrument.
The atmosphere used was nitrogen gas. The nonhydrated PZT
alkoxide was heated from room temperature up to a
temperature of 550C using a heating rate of 30C per
minute. This experiment was repeated using a heating rate
of 15C per minute.
An aluminum TGA pan was filled with nonhydrated PZT
alkoxide. The pan was inserted into the TGA apparatus.
The atmosphere used was argon gas. The nonhydrated PZT
alkoxide was heated from room temperature up to a
temperature of 550 C using various heating rates. The
heating rates used were 30, 25, 15, 10, 6, 5, and 1C per
minute .
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An aluminum TGA pan was filled with hydrated PZT
alkoxide. The pan was inserted into the TGA apparatus.
The atmosphere used was argon gas. The hydrated PZT
alkoxide was heated from room temperature up to a
temperature of 550C using a heating rate of 5C per
minute .
2.7 TGA OF NONHYDRATED AND HYDRATED PZT ALKOXIDE
IN AN AIR ATMOSPHERE
A platinum pan was filled with nonhydrated PZT
alkoxide and pyrolyzed in an air atmosphere up to a
temperature of 600C. The experiment was repeated for the
hydrated PZT alkoxide.
2 8 1IHEAR PYROLYSIS OF NONHYDRATED PZT ALKOXIDE
4 ml of nonhydrated PZT alkoxide were placed inside
a fabricated glass boat using a 5 mL glass pipette and
pyrolyzed in the tube furnace using a linear temperature
ramp of 3C per minute. The test was repeated using 16 mL
Of nonhydrated PZT alkoxide.
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2 9 NONLINEAR PYROLYSIS OF THE HYDRATED AND
NONHYDRATED PZT ALKOXIDE
16 ml of nonhydrated PZT alkoxide were placed inside
a fabricated glass boat using a 5 ml glass pipette and
pyrolyzed in the tube furnace using a nonlinear
temperature ramp The PZT alkoxide was successively
heated up to 160, 240, 295 and 380 and 600C the evolved
volatiles were collected over each temperature range. The
choice of these temperature intervals used is explained
in the discussion section 4.1.8
6.0 g of hydrated PZT alkoxide were placed inside
a fabricated glass boat using a micro-spatula and
pyrolyzed in the tube furnace using a nonl i near
temperature ramp. The PZT alkoxide was successively
heated up as before to 160, 240, 295 and 380 and 600C
where the evolved volatiles were collected over each
temperature range.
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2 10 GC-MASS SPECTROMETRY ANALYSIS OF THE
VOLATILES COLLECTED FROM THE 1INEAE PYROLYSIS OF
HYDRATED AND NONHYDRATED PZT ALKOXIDE
The volatiles collected from the linear pyrolysis of
both the hydrated and nonhydrated PZT alkoxide were
microdistilled to dryness under an argon atmosphere using
a microdistillation kit and sand bath to remove solid
impurities and any volatiles that have a boiling point
greater than 200C.
The distilled volatiles were then each injected into
the GC-MS where good resolution was obtained. The
resolved gas chromatograph peaks were analyzed using mass
spectrometry.
2.11 GC-MASS SPECTROMETRY ANALYSIS OF THE
VOLATILES COLLECTED FROM THE NONLINEAR PYROLYSIS
OF THE HYDRATED AND NONHYDRATED PZT ALKOXIDE
The volatiles collected from the pyrolysis of the
hydrated PZT alkoxide over the temperature ranges from
room temperature-160, 160-245, 245-295, 295-380, 380-
600C were injected into the GC-MS where good resolution
was obtained. The volatiles collected from the pyrolysis
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of the nonhydrated PZT alkoxide over the same temperature
ranges as above were injected into the GC-MS where good
resolution was obtained. The resolved gas chromatograph
peaks were analyzed using mass spectrometry.
2 12 !H NMR SPECTROMETRY ANALYSIS OF THE VOLATILES
COLLECTED FROM THE UHEAR PYROLYSIS OF HYDRATED
AND NONHYDRATED PZT ALKOXIDE
The volatiles collected from the 11 near pyrolysis of
the hydrated PZT alkoxide were analyzed in deuterated
acetone using ^H NMR spectroscopy. Deuterated chloroform
was also tried, but the resolution of the spectrum
obtained was poor.
The volatiles collected from the linear pyrolysis of
the nonhydrated PZT alkoxide were analyzed in deuterated
acetone using ^H NMR spectroscopy.
2.13 *H NMR SPECTROMETRY ANALYSIS OF THE VOLATILES
COLLECTED FROM THE NONLINEAR PYROLYSIS OF HYDRATED
AND NONHYDRATED PZT ALKOXIDE
The volatiles collected during pyrolysis over each
temperature range room temperature-160 , 160-245, 245-295,
295-380 and 380-600C of the hydrated PZT alkoxide were
30
analyzed in deuterated acetone using J-H NMR spectroscopy.
The samples were labeled 3A and 3B respectively since no
volatiles were captured for the upper three temperature
ranges .
The volatiles collected during pyrolysis over the
same temperature ranges of the nonhydrated PZT alkoxide
were analyzed using ^H NMR spectroscopy. The samples were
labeled 1A, IB, 1C, and ID respectively. No volatiles
were collected for the top temperature range.
2 14 COMPUTER GENERATED lH NMR SPECTRA AND
REFERENCE 3-H NMR SPECTRA
Using computer software called Beaker, J-H NMR
spectra of the compounds suggested by the GC-MS analysis
as being possible candidates for the identity of the
unknown compounds were generated . The computer generated
spectrum was cross referenced with the ^H NMR spectrum of
the unknown sample being studied and if an apparent match
was found, the appropriate reference ^H NMR was obtained
from literature sources. If a match between the ^H NMR of
the unknown sample and the reference ^-H NMR was found,
then an authentic sample of the proposed compound was
sent out for 1H NMR analysis.
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CHAPTER 3 RESULTS
3 1 DETERMINATION OF VOLATILE CAPTURE RATE
The apparatus was constructed using the diagram in
Figure 5 (page 24) as a template. Extensive testing was
done on the apparatus using ethanol and diethyl ether as
model systems. The capture rate was 95% and 75%,
respectively, using a flow rate of approximately 20
mL/min ,
3 . 2 SYNTHESIS OF THE HYDRATED AND NONHYDRATED PZT
ALKOXIDE
The hydrated and nonhydrated PZT alkoxide was
successfully synthesized using the Zhuang and modified
Zhuang and Leach procedure, respectively. A caramel color
was obtained as described in the references for this
synthesis .
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3.3 THERMOGRAVIMETRIC ANALYSIS (TGA) OF THE
HYDRATED AND NONHYDRATED PZT ALKOXIDE
The data for the TGA's obtained in nitrogen at 30
and 15C per minute respectively for the nonhydrated PZT
alkoxide were not reproducible. The mass line is observed
32
to increase with temperature. See Figures 6 and 7 A
summary of TGA weight loss data is included in Table 1.
TGA's were obtained in argon at 30, 25, 20, 15, 10,
6, 5, and 1C per minute for the nonhydrated PZT
alkoxide. The data was reproducible. See Figures 8
through 15. A summary of TGA weight loss data is included
in Table 2 .
TGA's were obtained in argon at 5C per minute for
the hydrated PZT alkoxide, The data was reproducible. See
Figure 16. A summary of TGA weight loss data is included
in Table 3 .
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34
? oo
r- 13 r_3 -
XOO -J!
o - ;,
.V
c;> o c
; j -
I c.l
o
1.1
S" 9i
o o
in in
il: m
lT)
1
OJ
i
/- L'" -
,
^ '-" OjC o
FIGURE 7. TGA OBTAINED IN NITROGEN AT 150c PER MINUTE FOR
NONHYDRATHFj PZT ALKOXIDE.
35
TGA/Temp 130-160 160-245 245-295 295-380 380-550 % Lost
30C/min 1.34% 9.14% 18.34% 11.80% -78.00% -37.38%
15C/min -10.63% 6.30% 25.98% 6.31% -0.80% 27.16%
TABLE 1 . SUMMARY OF TGA DATA OBTAINED IN NITROGEN .
PERCENT REFER TO PERCENT WEIGHT LOSS.
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TGA/Temp 130-160 160-245 245-295 295-380 380-550 Total Percent Lost
30C/min 0.43% 7.43% 3.28% 8.31% 4:37% 23.84%
25C/min 0.67% 8.73% 7.16% 6.71% 4.47% 27.76%
20C/min 3.33% 3.12% 5.42% 5.63% 3.96% 21.46%
15C/min 0.68% 7.88% 6.53% 4.96% 3.60% 23.65%
10C/min 0.85% 8.90% 7.00% 5.73% 3.18% 25.66%
6C/min 0.91% 9.80% 6.38% 5.24% 2.73% 25.06%
5C/min 1.84% 8.58% 4.75% 1.38% 1.99% 18.54%
lC/min 3.33% 12.64% 7.00% 2.42% 3.63% 29.02%
TABLE 2 . SUMMARY OF TGA DATA OBTAINED IN ARGON FOR
NONHYDRATED PZT ALKOXIDE. PERCENT REFER TO PERCENT WEIGHT
LOSS.
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TGA/Temp 130-160 160-245 245-295 295-380 380-550 % Lost
5C/min 1.72% 5.45% 4.01% 2.87% 3.30% 17.35%
TABLE 3 . SUMMARY OF TGA DATA OBTAINED IN ARGON FOR
HYDRATED PZT ALKOXIDE. PERCENT REFER TO PERCENT WEIGHT
LOSS.
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One notices that the slope of the blue mass line in
Figure 16 decreases with time. However, one also notices
that the gradient of the slope undergoes minimal change
for the scans obtained at 5, and 1C per minute.
Therefore, the optimal heating rate was determined to be
5C per minute with maximum time efficiency.
Referring to Figure 14, the TGA scan obtained in
argon at 5C per minute for the nonhydrated PZT alkoxide,
one notices that there are inflections in the slope of
the blue mass line that coincide with the inflections in
the red temperature differential line at 160, 245, 295
and 380C respectively.
One notices that the TGA scan obtained in argon at
5C per minute for the nonhydrated PZT alkoxide, included
as Figure 14, is very similar to the TGA scan obtained in
argon at 5C per minute, for the hydrated PZT alkoxide
included as Figure 16. One also notices that the
inflections in the slope of the blue mass line and the
inflections in the red temperature differential line are
also very similar between the two TGA scans.
48
3.4 TGA OF HYDRATED AND NONHYDRATED PZT ALKOXIDE
OBTAINED IN AN AIR ATMOSPHERE
There was white powder residue left in the TGA balance
for each TGA obtained in an air atmosphere. The TGA's are
included as Figures 17 and 18
3.5 LINEAR PYROLYSIS OF NONHYDRATED PZT ALKOXIDE
Approximately 2 mL of volatile products were
collected when 4 mL of nonhydrated PZT alkoxide were
pyrolyzed in the tube furnace using a linear temperature
ramp of 3C per minute.
Approximately 10 mL of volatile products were
collected when 16 mL of nonhydrated PZT alkoxide was
pyrolyzed in the tube furnace using a linear temperature
ramp of 3C per minute.
3 . 6 NONLINEAR PYROLYSIS OF THE HYDRATED AND
NONHYDRATED PZT ALKOXIDE
23.6 mL of volatile products was collected in total
when 16 mL of nonhydrated PZT alkoxide were pyrolyzed in
the tube furnace using a nonlinear temperature ramp. A
hypothesis for this phenomenon occurring is given in the
49
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A portion of the combined volatiles collected from
the linear pyrolysis of the nonhydrated PZT alkoxide were
analyzed with the GC-MS detector set at 1800 eV and nine
peaks were resolved. The mass spectrometer identified all
of the nine peaks. For those peaks where the mass
spectrometer identified more than one compound only those
compounds that had a correlation value of 50% or higher
between the mass spectrum obtained from the volatile and
the reference spectrum were considered. The format used
is chemical name (elution time, correlation percent): 2-
methoxyethanol (2.501 min., 70%), 2-methoxyethanol (2.974
min., 81%), 2-methoxyethanol (3.535 min., 67%), 2-
methoxyethanol (3.803 min., 76%), 3-methylene-heptane
(4.073 min., 94%), 1,2,4 trimethyl cyclopentane , (4.073
min., 58%), 2-1 ( 1 , 1-dimethylethyl )-3-ethyl-cis-oxirane
(4.073 min., 52%), 2 , 2 , 3-trimethyl-cyclobutanone (4.073
min., 52%), 1 , 2 , 4-trimethyl-cyclopentane (4.073 min.,
52%), 2-methoxyethanol (4.222 min., 67%), 2-
methoxyethanol (4.856 min., 60%), 2-methoxyethyl acetate
(5.076 min,, 70%), 2-methyl-l , 3-dioxolane (5.076
min., 70%), 2-methoxyethyl acetate (5.2 min., 78%), 2-
methyl-1 , 3-dioxolane (5.420 min., 70%), l-methoxy-2-
propanone (5.420 min., 67%), 2-ethyl-l-hexanol (13.782
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min., 58%), 2-methoxyethylethene (25.709 min., 58%). See
Table 4 for a summary of the data obtained.
The correlation value for this GC-MS analysis was
low, therefore the detector sensitivity was decreased to
1450 eV and the volatile was analyzed again. Using the
same program as above, the GC resolved six separate
peaks The mass spectrometer identified five out of the
six peaks with a high correlation value between the mass
spectrum obtained from the volatile and the reference
spectrum. The mass spectrometer labeled the peaks as the
following: 2-methoxyethanol (2.477 min., 76%), 2-
methoxyethanol (2.451 min., 76%) 2-methoxyethanol (2.745
min., 76%), 3-methylene-heptane (3.821 min., 83%), 2,3,3-
cyclobutanone (3.821 min., 64%), 1 , 2 , 4-cyclopentane
(3.821 min,, 58%), 2-( 1 , 1-dimethyl ethyl) 3-ethyl-cis-
oxirane (3.821 min., 52%), 5-methyl-l-heptene (3.821
min., 52%), 2 , 2 , 3-cyclobutanone (3.821 min., 52%), 1,1-
dimethylcyclopropane (3.821 min., 51%), 2-methoxyethyl
acetate (4.729 min., 83%). See Table 5 for a summary of
the data obtained.
The volatiles collected from the nonlinear pyrolysis
of the nonhydrated PZT alkoxide between room temperature
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Chemical Name Elution time (min) Correlation %
2-methoxyethanol 2.501 70
2-methoxyethanol 2.974 81
2-methoxyethanol 3.535 67
2-methoxyethanol 3.803 76
3-methylene-heptane 4.073 94
1,2, 4-trimethyl-cyclopentane 4.073 58
2-1 (1, 1-dimethylethyl) -3-ethyl-
cis-oxirane
4.073 52
2,2, 3-trimethyl-cyclobutanone 4.073 52
1,2, 4-trimethyl-cyclopentane 4.073 52
TABLE 4 . SUMMARY OF DATA OBTAINED FROM MS ANALYSIS AT
18 00 EV.
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Chemical Name Elution time (min) Correlation %
2 -methoxyethano 1 4.222 67
2-methoxyethanol 4.856 60
2-methoxyethyl acetate 5.076 70
2-methyl-l, 3-dioxolane 5.076 70
2-methoxyethyl acetate 5.2 78
2-methyl-l, 3-dioxolane 5.420 70
l-methoxy-2-propanone 5.420 67
2-ethyl-l-hexanol 13.782 58
2-methoxyethylethene 25.709 58
TABLE 4 CONTINUED. SUMMARY OF DATA OBTAINED FROM MS
ANALYSIS AT 18 0 0 EV.
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Chemical Name Elution time
(min)
Correlation %
2-methoxyethanol 2.477 76
2-methoxyethanol 2.451 76
2-methoxyethanol 2.745 76
3-methylene-heptane 3.821 83
2,3, 3-cyclobutanone 3.821 64
1, 2, 4-cyclopentane 3.821 58
2- ( 1 , 1-dimethyl ethyl ) -3-ethyl-
cis-oxirane
3.821 52
5-methyl-l-heptene 3.821 52
2,2, 3-cyclobutanone 3.821 52
1, 1-dimethylcyclo propane 3.821 51
2-methoxyethyl acetate 4.729 83
TABLE 5 . SUMMARY OF DATA OBTAINED FROM MS ANALYSIS AT
145 0 EV.
65
and 160C were analyzed using GC-MS with the detector
voltage set at 1450 eV . Using the same program as above,
the GC resolved two separate peaks. The mass spectrometer
identified both of the two peaks with a high correlation
value between the mass spectrum obtained from the
volatile and the reference spectrum. The mass
spectrometer labeled the peaks as the following: 2-
propanol (2.03 min , 70%), 2-methoxyethanol (2.504 min.,
60%). See Table 6 for a summary of the data obtained.
The volatiles collected from the non] inear pyrolysis
of the nonhydrated PZT alkoxide between 160-245C were
analyzed using GC-MS with the detector voltage set at
1450 eV. Using the same program used above, the GC
resolved seven separate peaks. The mass spectrometer
identified six out of the seven peaks with a high
correlation value between the mass spectrum obtained from
the volatile and the reference spectrum. The mass
spectrometer labeled the peaks as: chloromethane (1.867
min., 87%), 2-propanol (2,011 min., 60%), dichloromethane
(2.083 min., 63%), 2- methoxyethanol (2.563 min., 70%),
1-methoxyethanol- 2-propanol (2.563 min., 60%). See
Table 7 for a summary of the data obtained.
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Chemical Name Elution time (min) Correlation %
2-propanol 2.03 70
2-methoxyethanol 2.504 60
TABLE 6 . SUMMARY OF DATA OBTAINED FROM MS ANALYSIS OF THE
NONT.TNEAR PYROLYSIS OF THE NONHYDRATED PZT ALKOXIDE FROM
ROOM TEMPERATURE TO 16 0C.
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Chemical Name Elution time (min) Correlation %
chloromethane 1.867 87
2-propanol 2.011 60
dichloromethane 2.083 63
2-methoxyethanol 2.563 70
1-methoxyethanol -2-propanol 2.563 60
TABLE 7 . SUMMARY OF DATA OBTAINED FROM MS ANALYSIS OF THE
NONT.TNEAR PYROLYSIS OF THE NONHYDRATED PZT ALKOXIDE FROM
160-245 C.
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The volatiles collected from the nonlinear pyrolysis of
the nonhyriratad PZT alkoxide between 245-295C were
analyzed using GC-MS with the detector voltage set at
1450 eV . Using the same program used above, the GC
resolved five separate peaks. The mass spectrometer
identified three out of the five peaks with a high
correlation value between the mass spectrum obtained from
the volatile and the reference spectrum. The mass
spectrometer labeled the peaks as : 2-methoxyethanol
(2.461 min., 60%), 1 , 2-dimethoxyethane (2.53 min., 70%).
See Table 8 for a summary of the data obtained.
The volatiles collected from the nonlinear pyrolysis
of the nonhydrated PZT alkoxide between 295-380C were
analyzed using GC-MS with the detector voltage set at
1450 eV. Using the same program used above, the GC
resolved two separate peaks. The mass spectrometer
identified one out of the two peaks with a high
correlation value between the mass spectrum obtained from
the volatile and the reference spectrum. The mass
spectrometer labeled the peak as: dichloromethane (2.16
min., 79%). See Table 9 for a summary of the data
obtained .
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Chemical Name Elution time (min) Correlation %
2-methoxyethanol 2.461 60
1, 2-dimethoxyethane 2.53 70
TABLE 8 . SUMMARY OF DATA OBTAINED FROM MS ANALYSIS OF THE
NONLINEAR PYROLYSIS OF THE NONHYDRATED PZT ALKOXIDE FROM
245-295 C.
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Chemical Name Elution time (min) Correlation %
dichloromethane 2.16 79
TABLE 9. SUMMARY OF DATA OBTAINED FROM MS ANALYSIS OF THE
NONLINEAR PYROLYSIS OF THE NONHYDRATED PZT ALKOXIDE FROM
295-380 C.
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The volatiles collected from the nonlinear pyrolysis
of the nonhydrated PZT alkoxide between 380-600C were
not analyzed using GC-MS since no significant inflections
occur in the slope of the blue mass line that coincide
with the inflections in the red temperature differential
line .
The volatiles collected from the nonlinear pyrolysis
of the hydrated PZT alkoxide between room temperature and
160C were analyzed using GC-MS with the detector voltage
set at 1450 eV . Using the same program used above, the GC
resolved two separate peaks. The mass spectrometer
identified both of the peaks with a high correlation
value between the mass spectrum obtained from the
volatile and the reference spectrum. The mass
spectrometer labeled the peaks as the following: 2-
propanol (2.05 min., 70%), 2-methoxyethanol (2.62 min.,
76%) . See Table 10 for a summary of the data obtained.
The volatiles collected from the nonlinear pyrolysis
of the hydrated PZT alkoxide between 160-245C were
analyzed using GC-MS with the detector voltage set at
1450 eV. Using the same program used above, the GC
resolved two separate peaks. The mass spectrometer
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Chemical Name Elution time (min) Correlation %
2-propanol 2.05 70
2-methoxyethanol 2.62 76
TABLE 10. SUMMARY OF DATA OBTAINED FROM MS ANALYSIS OF
THE NONT.TNEAR PYROLYSIS OF THE HYDRATED PZT ALKOXIDE FROM
ROOM TEMPERATURE TO 160 C
73
identified both of the peaks with a high correlation
value between the mass spectrum obtained from the
volatile and the reference spectrum. The mass
spectrometer labeled the peaks as the following: 2-
propanone (2.0 min., 76%), 2-methoxyethanol (2.6 min.,
60%). See Table 11 for a summary of the data obtained.
No volatiles were collected from the nonlinear
pyrolysis of the hydrated PZT alkoxide between 240-295C
and 295-380C.
3 8 lH NMR SPECTROMETRY ANALYSIS OF THE VOLATILES
COLLECTED FROM THE HHEAE PYROLYSIS OF THE
NONHYDRATED PZT ALKOXIDE
The volatiles collected from the pyrolysis of the
nonhydrated PZT alkoxide using a linear heating ramp were
submitted for ^H NMR analysis using deuterated acetone as
the solvent. The 1H NMR is included as Figure 27. From
the !h NMR, the integration can be calculated to be
2.18:1:5:1:5:1. Note that the spectrum contains some
nonintegratable peaks that have been included in Table 12
and not the integration. One also notices that there is a
74
Chemical Name Elution time (min) Correlation %
2-propanone 2.0 76
2-methoxyethanol 2.6 60
TABLE 11. SUMMARY OF DATA OBTAINED FROM MS ANALYSIS OF
THE NONT.TNEAR PYROLYSIS OF THE HYDRATED PZT ALKOXIDE FROM
160-245C
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FIGURE 27. lH NMR OF VOLATILES COLLECTED FROM THE LINEAR
PYROLYSIS OF NONHYDRATED PZT ALKOXIDE.
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chem. shift (ppm) multiplicity integral
1.2-1.21 multiplet 2.18
1.95-2.1 multiplet 1.0
3.25 singlet 5.0
3.3-3.41 multiplet 1.0
3.58-3.61 multiplet 5.0
3.9 singlet 1.0
TABLE 12. SUMMARY OF IjH NMR DATA OBTAINED FOR THE LINEAR
PYROLYSIS OF THE NONHYDRATED PZT ALKOXIDE
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multiplets between 1.2-1.21 ppm, 1.95-2.1 ppm, 3.3-3 41
ppm and 3.58-3.61 ppm and singlets at 3.25 ppm and 3.9
ppm. It was assumed that the small multiplets between
1.2-1.21 ppm and 1 95-2.1 ppm were significant since this
is an 1-H NMR spectrum of multiple components. Therefore,
the volatiles were analyzed again by ^H NMR spectroscopy
using a more concentrated sample. This has been included
as Figure 28 .
Upon examination of Figure 28, one observes that
there are multiplets between 0,8-0.95 ppm, 1.1-1.18 ppm,
1.2-1.4 ppm, 1.9-2.17 ppm, 3.0-3.15 ppm, 3.17-3.19 ppm,
3.2-3.8 ppm, 3.8-3.85 ppm, 4.1-4.18 ppm, 4.58-4 8 ppm and
singlets at 2.9 ppm and 3.85-4.1 ppm. See Table 13 for a
summary of the data obtained.
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FIGURE 28. J-H NMR OF VOLATILES COLLECTED FROM THE LINEAR
PYROLYSIS OF NONHYDRATED PZT ALKOXIDE-CONCENTRATED
SAMPLE ,
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chem. shift (ppm) multiplicity
0.8-0.95 multiplet
1.1-1.18 multiplet
1.2-1.4 multiplet
1.9-2.17 multiplet
2.9 singlet
3.0-3.15 multiplet
3.17-3.19 multiplet
3.2-3.8 multiplet
3.8-3.85 multiplet
3.9 singlet
4.1-4.18 multiplet
4.58-4.8 multiplet
TABLE 13. SUMMARY OF lE NMR DATA OBTAINED FOR THE LINEAR
PYROLYSIS OF THE NONHYDRATED PZT ALKOXIDE-CONCENTRATED
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3.9 lH NMR SPECTROMETRY ANALYSIS OF THE VOLATILES
COLLECTED FROM THE NONLINEAR PYROLYSIS OF HYDRATED
AND NONHYDRATED PZT ALKOXIDE
The volatiles collected from the nonlinear pyrolysis
of the nonhydrated PZT alkoxide between room temperature-
160C were submitted for ^-H NMR analysis using deuterated
acetone as the solvent , The !h NMR is included as Figure
29 labeled as 1A. From the ^H NMR, the integration can be
calculated to be 2.6:1.94:1.94:1. Note that the spectrum
contains some nonintegratable peaks that have been
included in the table and not the integration. Upon
examination of Figure 29. one observes that there are
multiplets between 0.79-0.82 ppm, 1.21-1.25 ppm, 3.3-4.0
ppm, 3.5-3.6 ppm, 4.1-4.19 ppm and a singlet between 3.2-
3.25 ppm. It was assumed that the small multiplets
between 0.79-0.82 ppm, and 1.21-1.25 ppm were significant
since this is an ^H NMR spectrum of multiple components.
Therefore, the volatiles were analyzed again by ^-H NMR
spectroscopy using a more concentrated sample. The
spectrum has been included as Figure 30 .
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FIGURE 29. 1H NMR SPECTRUM OF THE VOLATILES "1A1
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FIGURE 30. !H NMR SPECTRUM OF THE VOLATILES "1A1
CONCENTRATED
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Upon examination of Figure 30, one observes that there
are multiplets between 0.7-0.98 ppm, 1.0-1.05 ppm, 1.1-
1.4 ppm, 1.5-1.7 ppm, 1.95-2.05 ppm, 2.95-3.0 ppm, 3.05-
3.6 ppm, 3.6-3,75 ppm, 3.8-3.9 ppm and 7.5-7.65 ppm and
singlets at 1.9 ppm, 2.85 ppm and 4.1 ppm. See Tables 14
and 15 for a summary of this data.
The volatiles collected from the nonlinear pyrolysis
of the nonhydrated PZT alkoxide between 160-245C were
submitted for !h NMR analysis using deuterated acetone as
the solvent . The ^-H NMR is included as Figure 31 and is
labeled as IB. From the ^H NMR, the integration can be
calculated to be 1:6.5:5:1.7:2.5:1.5:1. Note that the
spectrum contains some nonintegratable peaks that have
been included in the table and not the integration. Upon
examination of Figure 31, one observes that there are
multiplets between 1.0-1.11 ppm, 1.99-2.09 ppm, 2.85-2.9
ppm, 3.19-3.3 ppm, 3.3-3.41 ppm, 3.41-3.61 ppm and 4.02-
4.12 ppm and singlets at 1.95 ppm, 2.99 ppm and 3.8 ppm.
It was assumed that the small multiplets between 1.0-1.11
ppm, and 4.02-4.12 ppm were significant since this is an
^H NMR spectrum of multiple components Therefore, the
volatiles were analyzed again by ^-H NMR spectroscopy
84
chem. shift (ppm) multiplicity
0.79-0.82 multiplet
1.21-1.25 multiplet
3.2 singlet
3.3-3.4 multiplet
3.5-3.6 multiplet
4.1-4.19 multiplet
TABLE 14. SUMMARY OF XNMR DATA FOR 1A
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chem. shift (ppm) multiplicity
0.7-0.98 multiplet
1.0-1.05 multiplet
1.1-1.4 multiplet
1.5-1.7 multiplet
1.9 singlet
1.95-2.05 multiplet
2.85 singlet
2.95-3.0 multiplet
3.05-3.6 multiplet
3.6-3.75 multiplet
3.8-3.9 multiplet
4.1 singlet
7.5-7.65 multiplet
TABLE 15. SUMMARY OF ^-NMR DATA FOR 1A-CONCENTRATED
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FIGURE 31. XH NMR OF VOLATILES "IB"
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using a more concentrated sample. The spectrum has been
included as Figure 32. Upon examination of Figure 32, one
observes that there are multiplets between 0.7-0.98
ppm, 1.0-1. 15 ppm, 1.5-1.7 ppm, 1.85-2.15 ppm, 2.82-2.95
ppm, 3.15-3.98 ppm, 4.0-4.18 ppm and 4.21-4.82 ppm, and
singlets at 1.9 ppm, 3.0 ppm and 5.5 ppm. See Tables 16
and 17 for a summary of this data.
The volatiles collected from the nonlinear pyrolysis
of the nonhydrated PZT alkoxide between 245-295C were
submitted for ^H NMR analysis using deuterated acetone as
the solvent. The ^H NMR is included as Figure 33 and is
labeled as 1C. From the ^H NMR, the integration can be
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FIGURE 32. 3-H NMR OF VOLATILES "IB "-CONCENTRATED
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chem. shift (ppm) multiplicity
1.0-1.11 multiplet
1.95 singlet
1.99-2.09 multiplet
2.85-2.9 multiplet
2.99 singlet
3.19-3.3 multiplet
3.3-3.41 multiplet
3.41-3.61 multiplet
3.8 singlet
4.02-4.12 multiplet
TABLE 16, SUMMARY OF iNMR DATA FOR IB
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chem. shift (ppm) multiplicity
0.7-0.98 multiplicity
1.0-1.15 multiplicity
1.85-2.15 multiplicity
1.5-1.7 multiplicity
1.9 singlet
2.82-2.95 multiplicity
3.0 singlet
3.15-3.98 multiplicity
4.0-4.18 multiplicity
4.21-4.82 multiplet
5.5 singlet
TABLE 17. SUMMARY OF J-NMR DATA FOR IB-CONCENTRATED
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FIGURE 33. lH NMR OF VOLATILES 1C
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calculated to be 43:34:59:6:1:0.5:1:0.5:2:1. Note that
the spectrum contains some nonintegratable peaks that
have been included in the table and not the integration.
Upon examination of Figure 33, one observes that there
are multiplets between 1.1-1.15 ppm, 2.13-2.18 ppm, 3.21-
3.35 ppm, 3.38-3.42 ppm, and 3.55-3.65 ppm and singlets
at 1.95 ppm and 2.9 ppm. It was assumed that the small
multiplet between 1.195-1.21 ppm was significant since
this is a ^H NMR spectrum of multiple components.
Therefore, the volatiles were analyzed again by ^-H NMR
spectroscopy using a more concentrated sample. The
spectrum has been included as Figure 34. Upon examination
of Figure 34, one observes that there are multiplets
between 1.1-1.19 ppm, 1.195-1.21 ppm, 1.98-2.0 ppm, 2.01-
2.1 ppm, 2.11-2.18 ppm, 2.9-3.05 ppm and 3.2-3.8 ppm and
a singlet at 3.18 ppm. See Tables 18 and 19 for a summary
of this data.
The volatiles collected from the nonlinear pyrolysis of
the nonhydrated PZT alkoxide between 295-380C were
submitted for 1H NMR analysis using deuterated acetone as
the solvent. The *H NMR is included as Figure 35 and is
labeled as ID. From the ^-H NMR the integration can be
calculated to be 2:141:1:2:2:3:1:1:1.
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FIGURE 34. lH NMR SPECTRUM OF VOLATILES 1C-CONCENTRATED
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chem. shift (ppm) multiplicity
1.1-1.15 multiplet
1.95 singlet
2.13-2.18 multiplet
2.9 singlet
3.21-3.35 multiplet
3.38-3.42 multiplet
3.55-3.65 multiplet
TABLE 18. SUMMARY OF *H NMR DATA FOR 1C
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chem. shift (ppm) multiplicity
1.1-1.19 multiplet
1.195-1.21 multiplet
1.98-2.0 multiplet
2.01-2.21 multiplet
2.11-2.18 multiplet
2.9-3.05 multiplet
3.18 singlet
3.2-3.8 multiplet
TABLE 19. SUMMARY OF XH NMR DATA FOR 1C-CONCENTRATED
96
Note that the spectrum contains some nonintegratable
peaks that have been included in the table and not the
integration. Upon examination of Figure 35, one observes
that there are multiplets between 1.95-2.05 ppm, 2 13-
2.18 ppm, 3.16-3.18 ppm, 3.21-3 23 ppm, 3.31-3.4 ppm,
3.55-3.59 ppm, and singlets at 2.58 ppm, 2.9 ppm, 4.9
ppm, 5.39 ppm, and a singlet at 5.8 ppm. It was assumed
that the multiplet between 1.95-2.05 ppm, singlet at 2.58
ppm, a multiplet between 3.16-3.18 ppm, a multiplet
between 3.21-3.23 ppm, a multiplet between 3.31-3.4 ppm,
a multiplet between 3.55-3.59 ppm, a singlet at 4.9 ppm,
and a singlet at 5.8 ppm were significant since this is
an ^H NMR spectrum of multiple components. Therefore, the
volatiles were analyzed again by ^H NMR spectroscopy
using a more concentrated sample. The spectrum has been
included as Figure 36.
Upon examination of Figure 36, one observes that
there are multiplets between 0.8-0.9 ppm, 1.1-1.19 ppm,
1.195-1.21 ppm, 1.5-1.6 ppm, 1.9-2.05 ppm, 3.05-3.19 ppm,
3.2-3.3 ppm, 3.3-3.4 ppm, 3.5-3.6 ppm, and 5.21-5.5 ppm
and singlets at 1.29 ppm, 2.59 ppm, 4.9 ppm, 5.21 ppm,
and 5 . 8 ppm.
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FIGURE 36. J-H NMR SPECTRUM OF VOLATILES ID-CONCENTRATED
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See Tables 20 and 21 for a summary of this data.
The volatiles collected from the nonlinear pyrolysis
of the hydrated PZT alkoxide between room temperature and
160C were submitted for ^-H NMR analysis using deuterated
acetone as the solvent . The J-H NMR is included as Figure
37 and is labeled as 3A . From the ^H NMR, the integration
can be calculated to be 1.3:1:1:1.4. Note that the
spectrum contains some nonintegratable peaks that have
been included in the table and not the integration. Upon
examination of Figure 37, one observes that there are
multiplets between 3.39-3.42 ppm and 3.59-3.62 ppm, and
singlets at 3.3 ppm and 3.99 ppm. It was assumed that
this is an 1-H NMR spectrum of multiple components.
Therefore, the volatiles were analyzed again by ^H NMR
spectroscopy using a more concentrated sample. The
spectrum has been included as Figure 38.
Upon examination of Figure 38, one observes that
there are multiplet between 0.8-0.95 ppm, 1.02-1.1 ppm,
1.19-1.42 ppm, 1.95-2.1 ppm, 3.0-3.1 ppm, 3.1-3.65 ppm,
3.8-4.05 ppm, and 4.05-4.19 ppm and a singlet at 2.9 ppm.
See Tables 22 and 23 for a summary of this data.
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chem. shift (ppm) multiplicity
1.95-2.05 multiplet
2.58 singlet
2.13-2.18 multiplet
2.9 singlet
3.16-3.18 multiplet
3.21-3.23 multiplet
3.31-3.4 multiplet
3.55-3.59 multiplet
4.9 singlet
5.39 singlet
5.8 singlet
TABLE 20. SUMMARY OF *NMR DATA FOR ID
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chem. shift (ppm) multiplicity
1.1-1.19 multiplet
1.195-1.21 multiplet
0.8-0.9 multiplet
1.1 singlet
1.29 singlet
1.5-1.6 multiplet
1.9-2.05 multiplet
2.59 singlet
3.05-3.19 multiplet
3.2-3.3 multiplet
3.3-3.4 multiplet
3.5-3.6 multiplet
4.9 singlet
TABLE 21. SUMMARY OF 1H NMR FOR ID-CONCENTRATED
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FIGURE 37. *H NMR SPECTRUM OF VOLATILES 3A
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The volatiles collected from the nonlinear pyrolysis of
the hydrated PZT alkoxide between 160-245C were
submitted for J-H NMR analysis using deuterated acetone as
the solvent. The 1H NMR is included as Figure 39 and is
labeled as 3B . From the ^-H NMR, the integration can be
calculated to be 1:2:2:4. Note that the spectrum contains
some nonintegratable peaks that have been included in the
table and not the integration. Upon examination of Figure
39, one observes that there are multiplets between 3.21-
3.3 ppm, 3.55-3.61 ppm, 3.95-4,05 ppm and a singlet at
2.9 ppm. It was assumed that this is an ^H NMR spectrum
of multiple components. Therefore, the volatiles were
analyzed again by ^-H NMR spectroscopy using a more
concentrated sample. The spectrum has been included as
Figure 40 .
Upon examination of Figure 40, one observes that
there are multiplets between 0.9-0.98 ppm, 1.1-1.95 ppm,
1.21-1.42 ppm, 1.9-2.21 ppm, 3.0-3.1 ppm, 3.19-3.42 ppm,
3.45-3.7 ppm, 3.7-3.8 ppm, 3.85-4.05 ppm, and 4.1-4.2 ppm
and singlets 1,78 ppm and 2 91 ppm. See Tables 24 and 25
for a summary of this data.
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FIGURE 38, 3-H NMR SPECTRUM OF VOLATILES 3A-CONCENTRATED
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Chem. shift (ppm) multiplicity integral
3.3 singlet 1.3
3.39-3.42 multiplet 1.0
3.59-3.62 multiplet 1.0
3.99 singlet 1.4
TABLE 22. SUMMARY OF iNMR DATA FOR 3A
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chem. shift (ppm) multiplicity
0.8-0.95 multiplet
1.02-1.1 multiplet
1.19-1.42 multiplet
1.95-2.1 multiplet
2.9 singlet
3.0-3.1 multiplet
3.1-3.65 multiplet
3.8-4.05 multiplet
4.05-4.19 multiplet
TABLE 23, SUMMARY OF 1NMR DATA FOR 3A-CONCENTRATED
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FIGURE 39, *H NMR FOR VOLATILES 3B
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FIGURE 40, XH NMR OF VOLATILES 3B-CONCENTRATED
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chem. shift (ppm) multiplicity integral
2.05 singlet 1
3.21-3.3 multiplet 2
3.55-3.61 multiplet 2
3.95-4.05 multiplet 4
TABLE 24. SUMMARY OF *H NMR DATA FOR 3B
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chem. shift (ppm) multiplicity
0.9-0.98 multiplet
1.1-1.95 multiplet
1.21-1.42 multiplet
1.78 singlet
1.9-2.21 multiplet
2.91 singlet
3.0-3.1 multiplet
3.19-3.42 multiplet
3.45-3.7 multiplet
3.7-3.8 multiplet
3.85-4.05 multiplet
4.1-4.2 multiplet
TABLE 25, SUMMARY OF 1NMR DATA FOR 3B-CONCENTRATED
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CHAPTER 4 DISCUSSION
4 . 1 APPARATUS DESIGN
The purpose behind the apparatus design shown in
Figure 5 was to allow the volatiles collected from both
the linear and nonlinear pyrolysis of the PZT alkoxide to
be successfully captured in a way that would allow them
to be analyzed using GC-MS, and 1H NMR spectroscopy.
The first change that was made was that the carrier
gas was changed from nitrogen to argon. This is because
it was theorized that nitrogen gas might react with the
PZT alkoxide during the pyrolysis. This theory was proven
later when thermogravimetric analysis was performed on
the PZT alkoxide,
4 . 2 APPARATUS TESTING
During extensive testing using the original design
(see Figure 41), several changes were made to increase
overall efficiency of the volatile capture rate. Figure 5
contains a diagram of the final apparatus design,
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Ar in Hat Cu trap Dehydrator Cold trap *1 Prgwarmer
3 flowaives Tube Furnace Cold Trap *2 Cold Trap *3
Ar out Flowmeter
FIGURE 41. INITIAL APPARATUS DESIGN
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The second problem encountered in the initial
testing of the apparatus was the purity of the argon gas.
The concern was that although the carrier gas was 99%
pure, it might still have residual oxygen or water vapor
present in the mix, which would give inaccurate TGA
results. Three approaches were used to overcome this
problem. First, the gas was passed through a drying agent
that would effectively remove any water vapor present in
the carrier gas. Second, the gas was passed through a hot
copper trap so that any oxygen present in the carrier gas
would react with the copper to form copper oxide and be
effectively removed from the carrier gas flow. Third, the
gas was passed through a cryogenic bath using methylene
chloride and liquid nitrogen as the cryogenic agent. This
was done in order to ensure that any water or oxygen
present in the carrier gas would be condensed prior to
the carrier gas entering the oven, and to ensure that the
carrier gas was not heated going into the oven.
The third change that was made was to change the
dehydrating agent that the carrier gas went through. At
first, the carrier gas was dried over a sulfuric acid
bath using a gas-drying bottle. However, two problems
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were encountered using this method. The first is that
some of the sulfuric acid vaporized and the sulfuric acid
vapor corroded the tygon tubing connecting the gas-drying
bottle to the cold trap. The second was that the frit on
the gas-drying bottle caused excessive foaming to occur.
The second problem was tackled first. A second trap was
placed after the dehydrator in order to catch any of the
sulfuric acid foam. This solution failed because the
second trap quickly filled with the foam and overflowed
into the first cold trap. The two problems listed above
were solved by changing the method of drying the argon
gas. The dehydrator chosen was drierite because it is a
solid granular substance with good drying properties and
doesn't have the problems associated with using sulfuric
acid as a drying agent. After this change was made, the
problems ceased to exist and no water was found in the
first cold trap. This indicates either that the argon gas
did not contain any water or that the drying agent was
working efficiently.
The fourth change made to the apparatus design was
to modify the composition of the cryogenic bath. The
cryogenic bath originally used liquid nitrogen as the
cryogen . The problem was that the bath was condensing not
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only the volatiles from the carrier gas but also the
carrier gas itself since the cold fingers were
approximately half full with liquid after an experimental
run. At first it was thought that the liquid was water
condensed in the atmosphere but after a thorough
examination of the seals on the apparatus the problem
still existed, In addition, the liquid quickly vaporized
as the cold traps warmed up suggesting that the liquid
was not water but rather a compound that vaporized below
water-ice temperature. It was speculated that the liquid
could be condensed argon due to the fact that the boiling
point of argon is whereas the freezing
temperature of the cryogenic bath was -195C15. Thus, the
carrier gas could be condensing inside the cold finger
explaining the presence of the liquid and the fact that
the liquid quickly vaporizes as the cold finger reaches
room temperature. To alleviate this problem the
composition of the cryogenic bath was changed to a
methylene chloride slush bath made from liquid nitrogen
and methylene chloride. The reason for choosing these
chemicals for the cryogenic bath is that the temperature
of the bath is -136C16, Thus, the argon carrier gas will
not condense in the cold finger but the cold trap will be
116
able to condense the volatiles. To prove that the
cryogenic bath could condense the volatiles, Clausius-
Clapeyron plots were plotted which show that the argon
gas will not freeze and that the bath can condense out
the volatiles. They are included in Figures 42 and 43.
The fifth change that was made to the apparatus was
to install three flow regulators prior to the tube
furnace. The reason for this was twofold The first is
that, although the apparatus was capturing volatiles, the
capture rate was low. It was theorized that the flow
rate was too high and that the volatiles were being blown
out of the trap before they could be condensed. The
problem was that the regulator on the argon gas tank was
not fine enough to allow a slow gas flow rate to be
achieved. The second problem was that the flow rate
coming out of the gas tank was undergoing minute
fluctuations. This coupled with the fact that the flow
through the tube is non-laminar caused significant
variation in the measured flow rate. Therefore, to
control the gas flow and to help reduce the effects of
the pressure drops experienced from the argon gas source
and the non-laminar flow, three flow regulators were
installed prior to the tube furnace. The reason for the
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three regulators is that the pressure can be stepped down
gradually, therefore minimizing the effect of the gas flow
fluctuations emanating from the gas tank. In addition,
the three regulators allowed very fine-tuning of the gas
flow rate going through the tube furnace. Thus, the flow
rate could be quickly altered for those times that the
gas flow rate was particularly non-laminar and turbulent,
i.e. when volatile evolution was occurring.
During this whole period, as alluded to above,
extensive testing was done on the apparatus using ethanol
and ethyl ether as model systems. The reason for choosing
these compounds for the model system is that ethanol is a
compound that could be one of the volatiles generated by
the pyrolysis of the PZT alkoxide and ethyl ether has a
low vaporization point making it extremely difficult to
condense. Therefore, it was assumed that if the apparatus
could capture these compounds then it should be able to
capture the volatiles generated in the pyrolysis
experiment .
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4 . 3 ZHUANG SYNTHESIS-WITH WATER OF
HYDRATION13
The hydrated PZT alkoxide was synthesized using the
synthetic procedure of
Zhuang.13 There are several areas
that need to be commented upon.
It was found necessary to employ the use of a lab
jack under the heating mantle so that the heat source
could be removed when the solution had reached the
required temperature. Also, this allowed the use of a
water bath followed by ice bath to cool the solution
down. It is not advised that one cool the round bottom
flask containing the PZT alkoxide directly in an ice bath
because the round bottom flask may crack due to the
difference in temperature. A sand bath was used to
provide uniform heating of the round bottom flask.
The system was checked for leaks and flushed with
argon gas to provide an inert atmosphere so that water
vapor from the atmosphere would not react with the lead
acetate. Drying tubes were attached to the vents in the
system to prevent water vapor from entering the system
and reacting with the lead acetate.
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Excess 2-methoxyethanol was added to the round
bottom flask containing the 8 mol% solution of lead
acetate trihydrate [The volume of the flask containing
the 8 mol% solution of lead acetate had been marked
previously. ] Then, the water of hydration could be
removed quickly by successive distillations. An addition
funnel was used to facilitate the addition of extra
solvent after the initial excess solvent had been
distilled as an azeotrope of water and 2-methoxyethanol.
The reference paper states that a caramel color was
observed after the solvent volume was decreased to 2/3.
It was found that it was more advantageous to distill the
excess solvent until a caramel color appeared and then to
remove the heat source immediately otherwise one runs a
serious risk of distilling too much of the solvent off
and turning the solution black in color. To prevent this
a condenser was installed after the round bottom flask
and before the distillation head. Thus, when the solution
had turned caramel in color, the condenser was turned on
and the distillation was effectively quenched. The
synthetic procedure worked since a caramel color was
observed after approximately 2/3 of the solvent had been
distilled. The solution was allowed to cool and enough
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water was added to the solution until the solution turned
into a gel. This indicates that the PZT alkoxide was
effectively hydrolyzed .
4 . 4 MODIFIED ZHUANG AND LEACH SYNTHESIS - WITHOUT WATER
OF HYDRATION16
No additional comments were deemed necessary since
the synthetic procedure was analogous to the hydrated
synthesis of the PZT alkoxide.
4.5 THERMOGRAVIMETRIC ANALYSIS (TGA) OF THE HYDRATED
AND NONHYDRATED PZT ALKOXIDE
Thermogravimetric analyses were obtained in nitrogen
at 30 and 15C per minute respectively. However, the data
was not reproducible. Referring to Figure 7, the 15C per
minute run, one notices that the blue mass line increases
with temperature indicating the PZT alkoxide is gaining
mass during pyrolysis. This indicates that the PZT
alkoxide is reacting with the nitrogen at these elevated
temperatures. It is hypothesized that the PZT alkoxide is
forming a nitride at these temperatures. Although the
thermogravimetric analysis was not as expected it did
suggest that the PZT alkoxide was reacting with the
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nitrogen gas at the high temperature used in the
thermogravimetric analysis and the tube furnace,
supporting the choice of switching the carrier gas used
in the pyrolysis experiment from nitrogen to argon.
Referring to Table 1, one notices that there is no
correlation between the data obtained at 30 and 15C/min.
for each individual temperature ranges, but at the
elevated temperature range of 380-550C, there is a
weight gain, which is more significant at 30 C/min . This
data seems to suggest, but not confirm, that nitrogen may
be reacting with the PZT alkoxide at higher temperatures.
Thermogravimetric analyses were conducted in argon
at 30, 25, 20, 15, 10, 6, 5 and 1C per minute
respectively for the nonhydrated PZT alkoxide. The data
was reproducible. The PZT alkoxide did not appear to
react with the argon gas at elevated temperatures, as the
blue mass line in Figure 8 is seen to decrease with
temperature. Referring to Figures 8 through 15, one
notices that the slope of the blue mass line decreases as
the heating rate decreases. This phenomenon allows one to
establish the optimal heating rate or flatness of mass
baseline. Referring to Figures 14 and 15, the TGA
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conducted at 5 and 1C per minute respectively, one
notices that there is not a significant difference
between the slopes of the baselines. Therefore for
maximum time efficiency, the optimal heating rate was
chosen to be 5C per minute. Others have used this same
heating rate.
Referring to Figure 14, the TGA obtained at 5C per
minute one observes that there is a inflection in the
slope of the blue mass line and an inflection in the red
line indicating that the first derivative of the
temperature (dT/dt) equals zero at 145, 208, 277 and
311C. This indicates that weight losses occur between
130-160, 160-245, 245-295, and 295-380C respectively.
Also, these inflections indicate that volatile evolution
and possible chemical reactions are taking place. This is
these temperature ranges were chosen. The first
temperature range is from room temperature-160C. This
was subdivided into two ranges: room temperature-130C,
referred to as "A", which was not included in the TGA,
and 130-160C, referred to as
"B"
, which did not have
weight loss due to the solvent associated with it.
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Referring to Table 2, for the 5C/min. entry, one
notices that there is minimal weight loss for the first
temperature range analyzed by TGA (130-160C). One point
that can be drawn from this data is that most of the
volatiles were lost before reaching a temperature of 130
C. Fraction A was not analyzed because of the concern in
the initial stages of this project that residual solvent
may be still present with the PZT alkoxide at this
temperature and may therefore effect the TGA data. In
fact, looking at all of the TGA scans referred to in
Table 1, for the first temperature ranges (130-160C),
one notices minimal weight loss. Therefore, one can
conclude that there is minimal amount of volatile
evolution from 130-160C.
One notices that there are significant weight losses
occurring for the second and third temperature ranges.
This means that whatever volatiles are being evolved over
these temperature ranges could possibly be present in
larger amounts than the volatiles contained in the first
temperature range.
Also, there is minimal weight loss occurring for the
last two temperature ranges which seem to indicate that
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the volatiles evolved for these two temperature ranges
occur in smaller amounts than the volatiles evolved in
the second two temperature ranges.
Finally, referring to Table 3, the table for the TGA
of the hydrated PZT alkoxide, one can see that for the
130-160C temperature range, there is minimal weight loss
which again suggests that most of the solvent was
vaporized by this temperature. There are large weight
losses for the rest of the temperature ranges, which
indicate that volatiles are being evolved over each
temperature range in significant amounts. Therefore it
seems evident by comparing the two tables there is
different chemistry taking place for the pyrolysis of the
hydrated and nonhydrated PZT alkoxide at least in the
amount of volatiles that are being evolved over the
temperature range of 130-160C, 160-245C, 245-295C, 295-
380C and 380-550C.
4.6 TGA OF HYDRATED AND NONHYDR&TF.D PZT
ALKOXIDE OBTAINED IN AN AIR ATMOSPHERE
The flat baseline and white powder residue in the
platinum TGA pan for the hydrated and nonhydrated PZT
alkoxide are indications that the reaction has gone to
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completion and that the residue is lead zirconate
titanate. It has been reported in the literature that
lead zirconate titanate is a white crystalline compound
which is made under the similar conditions as those used
above .
15
4 . 7 LINEAR PYROLYSIS OF NONHYDRATED PZT ALKOXIDE
The nonhydrated PZT alkoxide was pyrolyzed using a
linear heating rate of 3C/minute. Flow rate fluctuations
were noticed during the pyrolysis. This is because the
PZT alkoxide was releasing volatiles into the carrier gas
flow, momentarily increasing the flow rate. This problem
was overcome by installing a flow regulator at the end of
the system and keeping the flow rate at approximately 50%
of the flow regulator gauge or approximately 20 ml/min .
The experiment worked since volatiles were collected
in the cold traps and none were seen in the glass boat in
which the PZT alkoxide had been placed prior to
pyrolyzation . In addition, a white powder residue was
seen on the inside wall of the glass tubing indicating
that the PZT alkoxide had been pyrolyzed to the PZT,
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It should be noted that a white plume of vapor was
seen exiting the tube furnace when the oven temperature
was approximately 245C. This is relevant because a major
weight loss was seen in a thermogravimetric analysis at
approximately 245C.
4 . 8 NONT.TNF.AR PYROLYSIS OF THE HYDRATED AND NONHYDRATED
PZT ALKOXIDE
The temperature ranges used for the nonlinear
pyrolysis were based on those temperatures in the TGA
spectrum that indicated the largest mass loss over time.
The nnnl i near pyrolysis of the nonhydrated PZT alkoxide
gave a rather interesting result. The result that merits
further discussion is the fact that 16 mL of liquid
nonhydrated PZT alkoxide was transferred into the glass
boat inside the oven and 23 mL of liquid volatiles were
collected. This phenomenon at first was considered
aberrant in nature and obviously an error on the
experimenter's part. However, after checking the
apparatus several times for leaks it was concluded that
there were no leaks in the apparatus. The experiment was
duplicated and very similar results were obtained. (16 mL
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in, 22.5 mL collected). It was therefore concluded that
the data obtained was valid. There were no leaks in the
system, and the GC-MS did not show the presence of water.
Therefore, it can be concluded that there was not a drop
in the internal pressure of the apparatus causing the
atmosphere to enter the system. The only conclusion is
that one or several of the volatiles generated underwent
further pyrolysis to yield lower density volatiles.
The main volatile generated would be the solvent 2-
methoxyethanol , Therefore, an extensive search was
performed by a science librarian into the literature to
see if a previous study had been performed.
Unfortunately, one could not be found. Therefore, one can
conclude that an excess volume of volatiles was generated
which is speculated to be from the pyrolysis of the 2-
methoxyethanol . Obviously, this situation warrants
further study.
4 . 9 GC-MASS SPECTROMETRY ANALYSIS OF THE VOLATILES
COLLECTED FROM THE T.TNEAR PYROLYSIS OF THE HYDRATED PZT
ALKOXIDE
The volatiles collected from the linear pyrolysis of
the hydrated and nonhydrated PZT alkoxide were analyzed
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using GC-MS. At first, the detector was set at 1800 eV .
However, the correlation value of the mass spectrum of
the volatile being analyzed and the reference mass
spectrum was low. Therefore, the detector voltage was set
at lower eV until a maximum correlation value was
obtained. The compounds suggested by the mass
spectrometer to be the identity of the volatiles
collected at 1800 eV and 1450 eV is included in Tables 4
and 5 .
Referring to Tables 4 and 5, one notices that there
is a similarity between the compounds identified as the
volatiles collected from the linear pyrolysis of the PZT
alkoxide at these voltages. However, there are multiple
suggestions for some of the peaks being analyzed.
Therefore, further analysis needs to be performed on the
volatiles to confirm their identity.
4.10 GC-MASS SPECTROMETRY ANALYSIS OF THE VOLATILES
COLLECTED FROM THE NONLINEAR PYROLYSIS OF THE HYDRATED
AND NONHYDRATED PZT ALKOXIDE
The volatiles collected from the nonlinear pyrolysis
of the hydrated and nonhydrated PZT alkoxide were
analyzed using GC-MS. The compounds suggested by the mass
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spectrometer to be the volatiles collected from the
nonlinear pyrolysis of the nonhydrated PZT alkoxide are
included in Tables 5,6,7 and 8. The compounds suggested
by the mass spectrometer to be the identity of the
volatiles collected from the nonlinear pyrolysis of the
hydrated PZT alkoxide are included in Tables 9 and 10.
However, there are multiple suggestions for some of the
peaks being analyzed. Therefore, further analysis needs
to be performed on the volatiles to confirm their
identity.
4.11 lH NMR SPECTROMETRY ANALYSIS OF THE VOLATILES
COLLECTED FROM THE LINEAR PYROLYSIS OF THE NONHYDRATED
PZT ALKOXIDE
The first ^-H NMR spectrum to be analyzed was the ^H
NMR spectrum obtained from the linear pyrolysis of the
nonhydrated PZT alkoxide. The GC-MS gives 2-
methoxyethanol , 3-methylene-heptane, 2,3,3-
trimethylcyclobutanone, 1 , 2 , 4-trimethylcyclopentane, 2-
( 1 , 1-dimethyl ethyl) 3-ethyl-cis-oxirane, 5-methyl-l-
heptene, 2 , 2 , 3-cyclobutanone, 1 , 1-dimethylcyclopropane,
2-methoxyethyl acetate as possible compounds.
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The computer generated ^-H NMR ruled out all but the
following possibilities: 2-methoxyethanol and 2-
methoxyethyl acetate. Cross-reference with the reference
spectra showed a good match between the sample ^H NMR
spectrum and the reference ^H NMR spectra. For the 2-
methoxyethanol , there is a good match between the methoxy
H's at 3.38 ppm, and the methylene H's at 3.51 and 3.71
ppm. For the 2-methoxyethyl acetate there is a good match
between the methyl H's at 2.2 ppm, the methoxy H's at 3.4
ppm, and the methylene H's at 3.6 ppm and 4.2 ppm.
Authentic samples of 2-methoxyethanol and 2-methoxyethyl
acetate were sent out for ^H NMR analysis, A good match
was obtained between the sample ^H NMR spectrum and the
1-H NMR spectra of the authentic samples.
4.12 J-H NMR SPECTROMETRY ANALYSIS OF THE VOLATILES
COLLECTED FROM THE NONT.TNEAR PYROLYSIS OF HYDRATED AND
NONHYDRATED PZT ALKOXIDE
The second ^-H NMR spectrum to be analyzed was the ^-H
NMR spectrum obtained from the nonlinear pyrolysis of the
nonhydrated PZT alkoxide between room temperature and
160C. (Referred to as 1A) The GC-MS analysis gives 2-
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propanol, 2-methoxyethanol as possible compounds. The
computer generated ^-H NMR confirmed that 2-propanol and
2-methoxyethanol are valid choices for the ^-H NMR. The
reference ^-H NMR spectra for 2-propanol and 2-
methoxyethanol gave a good match between the sample ^-H
NMR and the reference spectra. For the 2-methoxyethanol,
there is a good match between the methoxy H's at 3,38
ppm, and the methylene H's at 3.51 and 3.71 ppm.
Authentic samples of 2-propanol and 2-methoxyethanol were
sent out for ^H NMR analysis. A good match was obtained
between the sample ^H NMR spectrum and the ^-H NMR spectra
of the authentic sample.
The third ^H NMR spectrum to be analyzed was the ^H
NMR spectrum obtained from the nonlinear pyrolysis of the
nonhydrated PZT alkoxide between 160-240C. (Referred to
as IB). The GC-MS analysis gives chloromethane , 2-
propanol, dichloromethane, 2-methoxyethanol, 1-
methoxyethanol-2-propanol as possible compounds. The
computer generated 1H NMR ruled out all but the following
possibilities: chloromethane, 2-methoxyethanol, 1-
methoxyethanol-2-propanol . For 2-methoxyethanol, there is
a good match between the methoxy H's at 3.38 ppm, and the
methylene H's at 3.51 and 3,71 ppm. For 1-methoxyethanol-
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2-propanol there is a good match between the methyl H at
1.09 ppm, the methylene H's at 3.21 ppm, the methoxy H's
at 3.33 ppm, the hydroxyl H at ca 3.41 ppm, and the
methine H at 3.81 ppm. Authentic samples of 2-
methoxyethanol and l-methoxyethanol-2-propanol were sent
out for *H NMR analysis, A good match was obtained
between the sample ^H NMR spectrum and the J-H NMR spectra
of the authentic samples.
The fourth ^H NMR spectrum to be analyzed was the ^H
NMR spectrum obtained from the nonlinear pyrolysis of the
nonhydrated PZT alkoxide between 240-295 C. The GC-MS
analysis gives 2-methoxyethanol and 1 , 2-dimethoxyethane
as possible compounds. The computer generated ^H NMR
confirmed none as possibilities.
The fifth ^-H NMR spectrum to be analyzed was the ^H
NMR spectrum obtained from the nonlinear pyrolysis of the
nonhydrated PZT alkoxide between 295-380C. (referred to
as ID) . The GC-MS analysis gives dichloromethane as a
possible compound. The computer generated ^-H NMR
confirmed dichloromethane as a possibility: For
dichloromethane there is a good match between the
methylene H's at 5.28 ppm. An authentic sample of
135
dichloromethane was sent out for 1H NMR analysis. A good
match was obtained between the sample ^-H NMR spectrum and
the 1-H NMR spectra of the authentic sample.
The sixth ^-H NMR spectrum to be analyzed was the ^H
NMR spectrum obtained from the nonlinear pyrolysis of the
hydrated PZT alkoxide between room temperature and 160C.
The GC-MS analysis gives 2-propanol and 2-methoxyethanol
as possible compounds. The computer generated ^H NMR
confirmed 2-propanol and 2-methoxyethanol as possible
compounds. For 2-propanol there is a good match between
the methyl H's at 1,29 ppm, the hydroxyl H at 2.90 ppm,
and the methine H at 3.99 ppm. For 2-methoxyethanol,
there is a good match between the methoxy H's at 3.38
ppm, and the methylene H's at 3.51 and 3.71 ppm. An
authentic sample of 2-methoxyethanol and 2-propanol was
sent out for ^H NMR analysis. A good match was obtained
between the sample *H NMR spectrum and the ^H NMR spectra
of the authentic sample of 2-methoxyethanol.
The seventh ^-H NMR spectrum to be analyzed was the
1H NMR spectrum obtained from the nonlinear pyrolysis of
the hydrated PZT alkoxide between 160-240C. (referred to
as 3B) . The GC-MS analysis gives 2-propanone and 2-
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methoxyethanol as possible compounds. The computer
generated ^-H NMR confirmed 2-propanone and 2-
methoxyethanol as possible compounds. For 2-propanone,
there is a good match between the methyl H's at 2.11 ppm.
For 2-methoxyethanol, there is a good match between the
methoxy H's at 3.38 ppm, and the methylene H's at 3.51
and 3.71 ppm. Authentic samples of 2-propanone and 2-
methoxyethanol sent out for ^H NMR analysis. A good match
was obtained between the sample ^-H NMR spectrum and the
1-H NMR spectra of the authentic samples.
4.13 COMPUTER GENERATED ^-H NMR SPECTRA -AND REFERENCE ^-H
NMR SPECTRA
Based on the above GC-MS analysis of the linear
pyrolysis of the nonhydrated PZT alkoxide computer
generated ^H NMR of the following compounds were made: 2-
methoxyethanol , 3-methylene-heptane, 2-methoxyethyl
acetate, 4 , 4-dimethyl-l-pentene , 2-propanol,
chloromethane, methoxyethane, 1 , 2-dimethoxyethane ,
methylene chloride, l-methoxy-2-propanol , 2-propanone,
2,3,3 trimethylcyclobutanone, 1,2,4-
trimethylcyclopentane , 2- ( 1 , 1-dimethylethyl ) -3-ethyl-cis-
oxirane, 5-methyl-l-heptene, and 1,1-
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dimethyl cyclopropane . The computer generated 1H NMR
spectra are included as Figures 44 through 59.
*H NMR reference spectra do not exist for all of the
compounds listed by the GC-MS as being possible
candidates for the volatiles collected respectively when
the PZT alkoxide was successfully heated up from room
temperature to 160, 160-240, 240-295, 295-380 and 380-
600C, and when the PZT alkoxide was heated from room
temperature to 600C. Reference spectra of the following
compounds were obtained from Sadtler Research and
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DIMETHYLCYCLOPROPANE
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Aldrich: cis-1, 2-dimethylcyclopropane , acetone, 1-
methoxy-2-propanol , 1 , 2-dimethoxyethane, methylene
dichloride, 2-methoxyethanol, 2-methoxyethyl acetate and
isopropyl alcohol. They are included as Figures 60
through 67 .
4.14 CROSS REFERENCE OF THE *H NMR SPECTRA OF THE
VOLATILES COLLECTED FROM THE NONLINEAR PYROLYSIS OF
HYDRATED AND NONHYDRATED PZT ALKOXIDE WITH THE COMPUTER
GENERATED J-H NMR SPECTRA, THE REFERENCE SPECTRA AND *H
NMR SPECTRA OF AUTHENTIC SAMPLES
The computer generated ^H NMR of the volatiles
generated by the linear pyrolysis of the nonhydrated PZT
alkoxide were referenced against the ^-H NMR spectrum of
the authentic sample. The chemical shifts of 2-
methoxyethanol and 2-methoxyethyl acetate matched.
Therefore, reference spectra of 2-methoxyethanol and 2-
methoxyethyl acetate were obtained. The chemical shifts
of the 1H NMR spectrum of 2-methoxyethanol and 2-
methoxyethyl acetate from the reference spectra also
matched. Therefore, ^-H NMR spectra of authentic samples
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FIGURE 62. REFERENCE SPECTRUM OF 1 -METHOXY-2-PROPANOL
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FIGURE 63. REFERENCE SPECTRUM OF 1 , 2-DIMETHOXYETHANE
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FIGURE 64, REFERENCE SPECTRUM OF METHYLENE DICHLORIDE
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FIGURE 67. REFERENCE SPECTRUM OF ISOPROPYL ALCOHOL
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me
f 2-methoxyethanol and 2-methoxyethyl acetate were
btained. The chemical shifts of the ^-H NMR of 2-
thoxyethanol and 2-methoxyethyl acetate from the
reference spectra matched Therefore, it can be concluded
that the linear pyrolysis of the nonhydrated PZT alkoxide
contains 2-methoxyethanol and 2-methoxyethyl acetate as
two of the volatiles. The ^H NMR spectra of the authentic
sample of 2-methoxyethanol and 2-methoxyethyl acetate are
included as Figures 68 and 69 .
The computer generated ^H NMR spectra of the
volatiles generated by the nonlinear pyrolysis of the
nonhydrated PZT alkoxide between room temperature and
160C ("1A") were referenced against the ^H NMR spectrum
of the authentic sample. The chemical shifts of 2-
methoxyethanol matched. Therefore, a reference spectrum
of 2-methoxyethanol was obtained. The chemical shifts of
the 1-H NMR of 2-methoxyethanol from the reference
spectrum also matched. Therefore, authentic samples of
2-methoxyethanol were obtained. The chemical shifts of
the ^H NMR of 2-methoxyethanol matched. Therefore, it can
be concluded that the nonlinear pyrolysis of the
nonhydrated PZT alkoxide from room temperature to 160C
contains 2-methoxyethanol as one of the volatiles.
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FIGURE 68. ^-H NMR SPECTRUM OF 2-METHOXYETHANOL
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FIGURE 69. lH NMR SPECTRUM OF 2-METHOXYETHYL ACETATE
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The computer generated ^-H NMR spectra of the
volatiles generated, by the nonlinear pyrolysis of the
nonhydrated PZT alkoxide between 160-245C (IB) were
referenced against the ^H NMR spectrum of the authentic
sample. The chemical shifts of 2-methoxyethanol and 1-
methoxyethyl-2-propanol matched. Therefore, reference
spectra of 2-methoxyethanol and l-methoxyethyl-2-propanol
were obtained. The chemical shifts of the ^-H NMR of 2-
methoxyethanol and l-methoxyethyl-2-propanol from the
reference spectra also matched. Therefore, authentic
samples of 2-methoxyethanol and l-methoxyethyl-2-
propanol were obtained. The chemical shifts of the ^-H NMR
of 2-methoxyethanol and l-methoxyethyl-2-propanol
matched. Therefore, it can be concluded that the
nonlinear pyrolysis of the nonhydrated PZT alkoxide
between 160-240C contains 2-methoxyethanol and 1-
methoxyethyl-2-propanol as two of the volatiles. The ^H
NMR spectrum of the authentic sample of l-methoxyethyl-2-
propanol is included as Figure 70.
The computer generated ^H NMR spectra of the
volatiles generated by the nonlinear pyrolysis of the
nonhydrated PZT alkoxide between 245-295C ("1C") were
167
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FIGURE 70. XH NMR OF 1-METHOXYETHYL-2-PROPANOL
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referenced against the ^-H NMR spectrum of the authentic
sample. No matches were found.
The computer generated 1H NMR spectra of the
volatiles generated by the nonlinear pyrolysis of the
nonhydrated PZT alkoxide between 295-380C ("ID") were
referenced against the ^H NMR spectrum of the authentic
sample. The chemical shifts of dichloromethane matched.
Therefore, a reference spectrum of dichloromethane was
obtained. The chemical shifts of the ^-H NMR of
dichloromethane from the reference spectrum also matched.
Therefore, an authentic sample of dichloromethane was
obtained. The chemical shifts of the J-H NMR of
dichloromethane from the reference spectrum matched.
Therefore, it can be concluded that the nonlinear
pyrolysis of the nonhydrated PZT alkoxide between 245-
295C contains dichloromethane as one of the volatiles.
The 1H NMR spectra of dichloromethane is included in
Figure 71.
The computer generated ^-H NMR spectra of the
volatiles generated by the nonlinear pyrolysis of the
hydrated PZT alkoxide between room temperature to 160C
("3A") were referenced against the ^H NMR spectrum of the
169
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FIGURE 71. XH NMR SPECTRUM OF DICHLOROMETHANE
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authentic sample. The chemical shifts of 2-methoxyethanol
matched .
Therefore, reference spectra of 2-methoxyethanol
were obtained. The chemical shifts of the 1H NMR of 2-
methoxyethanol also matched. Therefore, authentic samples
of 2-methoxyethanol were obtained. The chemical shifts
of the 1h NMR of 2-propanol and 2-methoxyethanol from the
reference spectra matched. Therefore, it can be concluded
that the nonlinear pyrolysis of the hydrated PZT alkoxide
from room temperature to 160C contains 2-methoxyethanol
as one of the volatiles.
The computer generated ^-H NMR spectra of the
volatiles generated by the nonlinear pyrolysis of the
hydrated PZT alkoxide between 160-245C ("3B") were
referenced against the ^-H NMR spectrum of the authentic
sample. The chemical shifts of 2-propanone and 2-
methoxyethanol matched. Therefore, reference spectra of
2-propanone and 2-methoxyethanol were obtained. The
chemical shifts of the ^-H NMR of 2-propanone and 2-
methoxyethanol from the reference spectra also matched.
Therefore, authentic samples of 2-propanone and 2-
methoxyethanol were obtained. The chemical shifts of the
171
!h NMR of 2-propanone and 2-methoxyethanol from the
reference spectra matched. Therefore, it can be concluded
that the nonlinear pyrolysis of the hydrated PZT alkoxide
from 160-245 C contains 2-propanone and 2-methoxyethanol
as two of the volatiles. The 1H NMR of 2-propanone is
included as Figure 72 .
4.15 DEGRADATION PRODUCTS OF 2-METHOXYETHANOL
As a study has not been done into the pyrolysis of
2-methoxyethanol, a theoretical degradation scheme was
hypothesized to see if the products obtained from the
degradation were present in any of the 1H NMR of the
volatiles collected from the linear and non linear
pyrolysis of the hydrated and non hydrated PZT alkoxide.
It can be theorized that 2-methoxyethanol upon
degradation will break down to methanol, ethanol,
ethylene glycol, methane, dimethyl ether, water, and
ethyl methyl ether based upon simple bond breaking.
The reference spectra of the ^H NMR of methanol,
ethanol, ethylene glycol, methane, dimethyl ether, water,
and ethyl methyl ether are included as Figures 73 through
75. The reference spectra show that there is a
possibility that methanol, ethanol and ethylene glycol
172
m . o ion
-"
.. 03 ooonjoif1-;
Jj * U10-(a-
yf^J OCT
(D D.OUJ
~5-t Q En eno cot- eni
OOOOOCIOCGO
^^T """OOtllN-aWIS
inroai 1 i* 0
CD Ol ocu ma in r\j
to
S X
jSa.'.aSj-
-I
~ A$o?'eX.
FIGURE 72. lH NMR SPECTRUM OF 2-PROPANONE
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FIGURE 73. REFERENCE XH NMR SPECTRUM OF METHANOL
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FIGURE 74. !H NMR SPECTRUM OF ETHANOL
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FIGURE 75. REFERENCE XH NMR SPECTRUM OF ETHYLENE GLYCOL
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are present in the volatiles collected from the linear
and nonlinear pyrolysis of the nonhydrated and hydrated
PZT alkoxide, but that their identity has not been
confirmed .
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CHAPTER 5 CONCLUSION
One can conclude from this project that the
nonlinear pyrolysis of the nonhydrated PZT alkoxide
yielded 2-methoxyethanol, l-methoxy-2-propanol , and 1,2-
dimethoxyethane . The dichloromethane present in the
sample is a contaminant from the cryogenic bath used to
cool the volatiles.
One can also conclude that the nonlinear pyrolysis
of the hydrated PZT alkoxide yielded 2-methoxyethanol, 2-
propanol and 2-propanone. The reason that the volatiles
are different is that in the nonhydrated PZT alkoxide,
the alkoxide is being pyrolyzed, whereas in the hydrated
PZT alkoxide the free alcohol is being pyrolyzed,
The linear pyrolysis of the nonhydrated PZT alkoxide
yielded 2-methoxyethanol and 2-methoxyethylacetate , which
are both present in the original PZT alkoxide reaction
solution.4The reason that these volatiles are different
from those for the nnnl i near pyrolysis of the nonhydrated
PZT alkoxide (first paragraph above) is that the
nonlinear pyrolysis is a slower overall process than the
1 inear pyrolysis. The additional time at elevated
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temperature allows more pyrolysis reactions to occur,
resulting in additional volatile by-products.
The linear pyrolysis of the hydrated PZT alkoxide
was not studied .
A summary of the volatiles identified in this study
is given in Table 26 .
The TGA study of the nonhydrated and hydrated PZT
alkoxide showed that the optimal heating rate was 5C per
minute. The differences in the weight losses for the
nonhydrated versus the hydrated PZT alkoxide showed that
volatiles are being evolved in greater proportions in the
nonhydrated than in the hydrated PZT alkoxide during
nonlinear pyrolysis, This may indicate that different
chemical reactions are taking place, and/or that more
solvent is being released. Since hydrolysis causes prior
release of alkoxide from the hydrated PZT, the
nonhydrated PZT is expected to give off more 2-
methoxtethanol upon pyrolysis.
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Hydrated Nonhydrated
Linear 2-methoxyethanol
2-methoxy-ethyl acetate.
Nonlinear 2-methoxyethanol 2-methoxyethanol
2-propanol l-methoxy-2-propanol
2-propanone 1 , 2-dimethoxyethane
TABLE 26. SUMMARY OF VOLATILES IDENTIFIED IN THIS STUDY
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A theoretical degradation scheme was set up to see
if the products obtained from the degradation were
present in any of the ^H NMR of the volatiles collected
from the linear and non linear pyrolysis of the hydrated
and nonhydrated PZT alkoxide. The reference spectra show
that there is a possibility that methanol, ethanol and
ethylene glycol are present in the volatiles collected
from the linear and non linear pyrolysis of the
nonhydrated and hydrated PZT alkoxide, but their identity
has not been confirmed.
Future work should include:
1) pyrolysis of 2-methoxyethanol in order to elucidate
what volatile products are generated upon pyrolysis;
2) confirmation by X-ray diffraction that the perovskite
structure is indeed that formed via the Zhuang13 and
modified Zhuang and
Leach16
synthesis; and,
3) baking of thin films of the hydrated and nonhydrated
PZT alkoxide using a linear and nonlinear heating
rate to study the effects of the heating rate on the
manufacture of thin film PZT ceramics.
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